Many works have been devoted to connectivity of ad hoc networks. This is an important feature for wireless sensor networks (WSNs) to provide the nodes with the capability of communicating with one or several sinks. In most of these works, radio links are assumed ideal, that is, with no transmission errors. To fulfil this assumption, the reception threshold should be high enough to guarantee that radio links have a low transmission error probability. As a consequence, all unreliable links are dismissed. This approach is suboptimal concerning energy consumption because unreliable links should permit to reduce either the transmission power or the number of active nodes. The aim of this paper is to quantify the contribution of unreliable long hops to an increase of the connectivity of WSNs. In our model, each node is assumed to be connected to each other node in a probabilistic manner. Such a network is modeled as a complete random graph, that is, all edges exist. The instantaneous node degree is then defined as the number of simultaneous valid single-hop receptions of the same message, and finally the mean node degree is computed analytically in both AWGN and block-fading channels. We show the impact on connectivity of two MACs and routing parameters. The first one is the energy detection level such as the one used in carrier sense mechanisms. The second one is the reliability threshold used by the routing layer to select stable links only. Both analytic and simulation results show that using opportunistic protocols is challenging.
INTRODUCTION
Wireless sensor networks (WSNs) have generated a tremendous number of original publications over the last decade. When compared to other ad hoc networks, WSNs differ by their constraints. The leading constraint unquestionably is the life time of the network which is closely related to energy consumption. One approach for increasing life time consists of providing the nodes with sleeping periods [1] [2] [3] , under the constraint that sensing function and connectivity are preserved [4] . Optimizing routing protocols is an important task which requires connectivity of the network [5] . Many works have studied the connectivity of ad hoc networks [6] [7] [8] [9] . Pioneering works dealing with network connectivity [10, 11] are based on a perfect geometric disk model; that is, all links are reliable and occur only when the communication distance is lower than a threshold, the radio range. Other more recent works are founded on this assumption, providing numerous wireless network connectivity bounds. In [7, 9, 12] , the connectivity is assessed for a large random network providing asymptotic rules. Hence, in [9] an asymptotic minimal range R(n) for granting connectivity is derived for the case of n nodes randomly distributed in a disc of unit area. The minimal range is obtained as R(n) 2 ≥ (log n + c(n))/π · n with c(n) → ∞ when n → ∞. A pure geometric approach is used in [13] to provide an exact analytical derivation for a 1D ad hoc network. This result further grants a bound for 2D radio networks.
Important to our work is the contribution of [14] studying the mean node degree of WSNs and the isolation node probability. In [15] the authors show how the isolation node probability well approximates the connectivity probability.
Most of these already published works are based on the perfect geometric disc model as illustrated in Figure 1 (a). This model relies on the following three fundamental axioms.
(i) Switched link: the radio link is assumed boolean: two nodes are either perfectly connected, or out of range. (ii) Circular geometric neighborhood: the received power solely depends on the transmitter-receiver distance. (iii) Interference free: each radio link is assumed independent from each other. Recent works advocate the need of more realistic radio link models (see, e.g., [12, [16] [17] [18] [19] [20] ). Concerning connectivity, the second axiom (i.e., circular coverage) has been relaxed in recent studies [21] [22] [23] and the impact of log shadowing is evaluated. The coverage areas are deformed as illustrated in Figure 1 . Under this model, each coverage area is squeezed and stretched (see Figure 1 (b)) independently, but the neighborhood is still on average a circular function. This is because the deformation is introduced as an uncorrelated process. The most important result issued from these works is that path-loss variations help to maintain the network connectivity. The radiation pattern is another factor which can affect the second axiom [24] . As detailed in [25] , radiation pattern can also improve both connectivity and capacity.
The third axiom (interference free) has been relaxed in a recent work. Reference [26] rests on the approximation that interference acts as additive Gaussian noise. It follows that a transmission succeeds only if the signal to interference plus noise ratio (SINR) exceeds the reception threshold.
All these works assume that the first axiom is true, thus needing the definition of a reception threshold. This hypothesis is justified by information theory. Basically, the successful transmission probability, having a radio link distance d, namely P s (tr|d), is a decreasing function which stiffens and gets closer to a step function provided that ideal (but long) channel coding is used. However, an infinite length code would be necessary to reach exactly the switched link model. With a rather realistic short-length channel coding, there is always a region in which nodes have a reception probability neither null nor certain, as illustrated in Figure 2 [27, 28] .
Noisy links were introduced in [29] in the framework of graph theory and percolation. They show that the overall connectivity improves when new links beyond the range just make up for broken links above.
This paper aims at studying the unreliability of radio links in the intermediate region to quantify their leading role in the connectivity. In our model, any node has a probability to receive any message as illustrated in Figure 1(c) . This probability tends towards 1 for near communication and to- Figure 2 : The neighbors are considered placed in rings centered at the transmitter. The mean number of successful hops of length r results from the product of the success probability (gray line) having γ(r), and the number of nodes (black line) in a differential ring of thickness dr and radius r.
wards 0 when distance goes to infinity. With such a realistic model, the communication range becomes undefined and is replaced by a reception probability law depending on the distance. This law relies on various parameters such as channel propagation model, radio transmission technique (packetssize, modulation, coding, etc.), and packet size.
Section 2 provides a short overview of previously published works [14, 15, [21] [22] [23] dealing with connectivity having switched radio links. The mean node degree definition is extended to unreliable radio links in Section 3 and an overall expression for the probabilistic radio link is provided. Also, the mean node degree is described from a cross-layer point of view in Section 3.3 by introducing two parameters from MAC and routing layers. The first one is the energy detection level such as the one used in a carrier sense mechanism.
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The second one is the reliability threshold which can be used at the routing layer to select stable links only. The theory derived in this section is then deeply studied in Section 4, firstly for additive white gaussian noise (AWGN) channels and then broadened to block-fading channels modeled by Nakagamim distributions. A closed-form lower bound of the mean node degree is found and expressed as a function of the energy detection level and the reliability threshold. The accuracy of our results is evaluated using extensive simulations in Section 5. Some conclusions and perspectives are drawn in Section 6.
CONNECTIVITY: A STATE OF THE ART

Connectivity versus mean node degree
This section provides the reader with some previously published definitions and connectivity properties of switchedlink-based WSNs for the sake of consistency. A switched link model is based on the assumption that the transmission between two nodes x and x succeeds if and only if the signalto-noise ratio (SNR) γ(x, x ) at the receiver is above a minimal value γ min . The widely used disk range model is then achieved if one assumes the antennas are all omnidirectional and the radio wave propagates isotropically. For the sake of simplicity, all the devices are assumed to be transmitting at the same power level P t .
The nodes of the WSN are further assumed independent and randomly distributed according to a random point process of density ρ, over the space R 2 . The WSN is further considered spread over an infinite plan, to avoid boundary problems. The probability of finding N nodes in a region A follows a two dimensional Poisson distribution:
This process is usually studied using its associated random graph G p(x,x ) (N) model, where N is the number of nodes, and p(x, x ) the probability of having a link (edge) between two nodes positioned at x and x , respectively. A pure random graph has p(x, x ) = p 0 while a random geometric graph has p(x, x ) = 1 for |x − x | < R. The later represents an ideal radio network well, with range R-see Figure 1 (a).
A WSN roll out is defined as a particular realization of the random process and is represented by a deterministic graph G = {V , L}, where V and L are, respectively, the set of nodes and the set of valid radio links l(x, x ). Under the hypothesis of switched links, l(x, x ) only exists if both are in range one of each other. 1 The connectivity is an important feature for WSNs. A graph is said to be connected if at least one multihop path exists between all pairs of nodes in the graph. Note that the sensors can all communicate with a unique sink if and only if the corresponding graph is connected.
This connectivity cannot be formally expressed as the probability of having G = {V , L} connected because the random process herein used is spread over an infinite plan. The number of nodes thus tends toward infinity. In [29] , the connectivity is defined as the probability of having an infinite connected component in G. In [8, 9] , the network is scaled down to a finite disk area, and the connectivity is assessed thanks to the range R(n) which allows to make the graph asymptotically connected (i.e., for n → ∞). In [21] , the connectivity is also studied in a finite disk but defined as a subregion of a whole infinite network at a constant density. This definition is substantially different, because the nodes outside the disk can help for the connectivity of nodes inside the disk. Then, connectivity is assessed through the probability P(con(A)) that the nodes inside a subarea A of surface S A are connected one to each other.
In this paper, we adopted this latter definition. This probability cannot be analytically derived from the properties of the random process and an upper bound is instead found by stating that the nodes in region A are obviously not connected if at least one node is isolated:
where con(A) is true if all nodes in A are connected, and ISO(A) is true if no one is isolated.
P(ISO(A))
is thus the probability of having no node isolated in A. This upper bound is known to be tight for either random geometric or pure random graphs, at least for high connectivity probability. The tightness of the bound is not proven in a broadened framework.
P(ISO(A)) is derived in [21, 23] assuming the isolation of nodes to be almost independent events, providing
where P(iso) is the node isolation probability.
Let the node degree μ(x) be defined as the number of links of a node x, the mean value being referred to as μ 0 . P(iso) is simply equal to the probability of having μ(x) = 0, and thus
The close relationship between connectivity and mean node degree can now be stated by introducing (4) and (3) in (2):
Starting from this bound, the remainder of this paper focuses on the mean node degree property. The tightness of (5) is investigated by simulation in Section 5.3.
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Mean node degree with the perfect disc model
The degree expectation of a node x relies on the radio links according to
where f x (x ) is the probability density function of having a node in x . This is because the nodes are uniformly distributed, f x (x ) = ρ and the process is ergodic. Spatial and time expectations then converge to the same value given by
The exact expression of l(x, x ) relies on the propagation model. Usefulness for our ongoing development is to derive the link as a function of the SNR defined by
with N 0 the noise power density of the receiver which is assumed constant for all nodes. E b (x, x ) is the received energy per bit given by
where T b is the bit period. P r (x, x ) is the received power given by
where L(x, x ) is the path loss between x and x . The usual disc range model is achieved when L(x, x ) is considered a homogeneous and isotropic function L(x, x ) = L(d xx ), where d xx is the geometric distance between x and x . The single slope path-loss model is defined by
having the path loss exponent α usually ranging from 2 (free space) to 6. L(d 0 ) is the arbitrary path-loss reference at distance d 0 .
Plugging this model into (7) yields
with
where 1(x) is a logical function, equal to 1 if x is true. One
Such a model leads to the well-known perfect disc range model (see Figure 1 (a)) where (11) reduces to
Mean node degree with shadowing
The physical layer model can be enhanced using a more realistic propagation model [21, 23] , taking into account spatial path loss variations due to obstacles [30] , as illustrated in Figure 1 (b). A usual way consists of introducing a second term to the deterministic path loss: the statistical shadowing component usually considers "log normally" distributed around its mean value [31] according to
where (10), is the median path-loss value. L (dB) sh (d xx ) refers to a zero mean Gaussian random variable with standard deviation σ sh , proportional to the shadowing strength. Its probability density function (pdf) is given by
Combining (8) and (10) into (15) provides the pdf f γ (γ|·) as
The shadowing distorts the perfect disc neighborhood. However, once one has the shadowing effect computed, each radio link l(x, x ) stays constant: the corresponding graph is thus deterministic. While the random process is still isotropic, each realization is not. The mean node degree in (7) is now replaced by
This problematic has been studied in both [21, 23] . This overview stresses out the leading role of the mean node degree in the connectivity of WSNs. Some more recent works have also proposed to broaden this result by introducing fading and even radiation patterns. Basically these works rest on the adaptation of l(x, x ) to a spatially variable function. The neighborhood is stretched and squeezed [29] but still based on a switched radio link assumption.
CONNECTIVITY UNDER UNRELIABLE RADIO LINKS
Time-varying node degree
The use of a realistic radio link modifies in depth the connectivity of WSNs described above. A realistic radio link refers to a radio link having a certain error probability. Because the radiated power density decreases with distance, there is always a given range for which the nodes are neither good neighbors, nor unknown. This has a large impact on both mean node degree and connectivity.
We consider as in [29] a random connection model where each radio link l(x, x ) is probabilistic. The radio link is thus defined as successful transmission probability between two nodes:
In the previous model, nodes were randomly distributed but each radio link in a particular realization was considered deterministic. Now, the following definition holds.
Definition 1.
A WSN is defined as a realization of a Poisson point random process. Each node is a possible neighbor of each other with a given probability. The random graph G p (N, L) associated with each particular realization is thus complete (all edges exist). Each edge, l(x, x ) ∈ L, relates to the successful transmission probability.
The main difference with the previous model is that a realization of the process (a set of randomly rolled-out nodes) is now itself a random graph as illustrated in Figure 1 With this model, the probability of having a successful long hop may not be negligible despite the fact that the transmission probability decreases with distance d. This decreasing probability can be indeed compensated for by the increasing number of nodes in a ring of constant thickness δ and of radius d (see Figure 2 ). The connectivity is still evaluated as the probability that a given subset of nodes is connected. The following definition is first stated.
Definition 2. The instantaneous node degree μ(x, τ) is defined as the number of simultaneous successful transmissions experienced at time τ by a transmitter located in x:
and then the following definition holds.
Definition 3. The mean node degree μ(x) is the expected value of μ(x, τ) with respect to time
where one has l(
Because the process is ergodic (statistical properties are stationary in time and space), the expectation with respect to space converges to the same value and is given by
Equation (22) is similar to (7) but with having l(x, x ) probabilistic.
A realistic radio link
The radio link is defined equal to the transmission probability l(x, x ) = P S (tr|γ(x, x )), having
where N b is the number of bits per frame and BER(γ) the bit error rate. This BER depends on modulation, coding, and more generally on transmitting and receiving techniques (diversity, equalization, etc.). It should also rely on the channel impulse response, but selective fading is not considered in this work. Flat fading is more important because it is often present in confined environments where WSNs could be rolled out. The flat fading accounted for by multipath propagation leads to fast variations of received power due to the incoherent summation of multiple waves. From a general point of view, the transmission probability can be estimated from the mean BER given by
which can be bounded in many practical situations [32] . f γ (γ|γ) is the pdf of γ having a mean SNR γ, representing the fast fluctuations of received power. However, in slow varying channels-as occurring with fixed WSNs and short packets-the channel can be assumed constant within a packet duration. Under such an assumption, referred to as pseudo stationarity, the channel is called a block-fading channel. In this case, the successful transmission probability does not rely on (24) but directly on (23) according to
As done in the previous section, propagation (10) and shadowing (16) are plugged into the expectation of (25), yielding
The more general mean node degree expression is now given by (17) in which (18) is replaced by (26).
A cross-layer point of view
From a cross-layer point of view, the mean node degree can be modified to take some MAC and routing features into account. The power detection level of an incoming signal is an important PHY parameter which the MAC layer can possibly assess. A carrier sense mechanism-or any other energy detection mechanism-is used at PHY for providing the MAC with the channel state. The key parameter is the energy detection level, or equivalently the SNR threshold denoted ε d at which the receiver switches to active reception mode. Such a mechanism can be easily introduced in (26) as a lower bound in the integration with respect to γ. Indeed, the radio link probability becomes null when γ < ε d since the incoming signal is not detected.
Neighborhood management to maintain routes over the network is seen as a routing layer issue, exploiting a link layer information. Routing algorithms, either active or proactive, often consider radio links as reliable and stable enough so that a route can be established for a reasonable duration. This stability can be questionable in real environments. The shadowing effect can be assumed stationary because the WSN is fixed, but the fading effect should be considered time-varying because it is sensitive to very small displacements of either the nodes or surrounding objects. Fading is however assumed to be constant for the duration of a packet, but totally uncorrelated between successive ones.
The reliability of a link is given by the successful transmission probability, and is extracted from (26) as follows:
The link layer can thus estimate the link reliability by only knowing the mean SNR γ(x, x ), using (27) . The routing layer can then remove unreliable nodes from its neighborhood, which are those having a mean SNR below a given threshold γ r defined such as P s (tr|γ r ) < P rel where P rel is the target minimal success probability. This threshold should be high for proactive protocols which require stable routes but may be eventually very low for opportunistic routing protocols such as those used for geographic based routing [33] . In the latter case, all nodes receiving a packet are potentially retransmitters, and thus they can all be involved in the transmission process, even if their reception probability is very low. Thus, the full node degree can be exploited, having γ r → 0. Plugging both (27) and γ r into (26) as a lower integration bound again yields
This is the basic formulation used in the next section to perform an analytic study of specific cases.
MEAN NODE DEGREE CLOSED-FORM DERIVATION
In this section, a closed-form derivation is proposed for the mean node degree in block-fading channels. The case of a simple AWGN channel is considered first. The results are then extended to block-fading channels.
Normalized node density
Albeit the exact expression provided above in (28) would permit to take shadowing into account, we decide to disregard it for enhancing the leading aim of this work, that is, the impact of unreliability on connectivity. Equation (28) therefore confines to
where d r = d 0 · (γ 0 /γ r ) 1/α corresponds to the distance at which γ = γ r , and thus at which the successful transmission probability equals the reliability target P rel .
In (29) , the mean node degree depends on several system parameters: the node density ρ, the transmission power, and the noise level (all involved in γ(s)). It is obvious that the connectivity of a network can be improved by either increasing the transmission power or the node density. Both have the same meaning from a graph point of view. A convenient generic formulation is proposed, relying on a different node density reference. Let d 1 be the distance at which the received power is unitary: γ(d 1 ) = 1. n 1 is then defined as the mean number of nodes located inside a disk of radius d 1 :
It is important to note that this distance depends physically on the path-loss parameters (α and L 0 ), the reception noise N 0 , and the transmission power P 0 , all defined in Section 2.2. The mean SNR γ(d) is now expended from (10) as a function of d 1 :
A variable change from s to γ in (29) leads to
In (32), the mean node degree now only relies on one generic node density parameter n 1 , on the energy detection level through ε d and on the attenuation parameter α.
Closed-form in AWGN
Transmission probability
Without fading, the mean SNR γ is merged in its instantaneous value γ. Then, P S (tr|γ) = P S (tr|γ) and the integration lower bound in (32) is equal to max(ε d , γ th ). We assume that ε d plays both roles in this case. Let us now focus on the instantaneous success probability P S (tr|γ), which is directly related to the bit error rate (BER). A closed form of the BER is found in [32] for coherent detection in AWGN:
−u 2 du, the complementary error function. k relies on the modulation kind and order, for example, k = 1 for binary phase shift keying (BPSK). The frame-based success probability is given in (23) . Important for the following is the high SNR lower bound, valid for (N b · BER(γ)) 0.1:
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Single-bit frame derivation
Let us firstly evaluate the success probability for single-bit frames. This provides a mathematical basic result to be used later for larger frames. The single bit based mean node degree μ b is obtained as a function of ε d by putting (23) having N b = 1 into (32):
After cumbersome computations detailed in the appendix,
could be easily solved for α ≥ 4, but this is kept out of the scope of this paper for the sake of conciseness. The mean node degree which would be obtained under the switched link assumption and having the same range
is given by plugging (30) into (13) as follows:
which can be introduced in (A.10), making (35) equal to
where L α,k (ε d ) which denotes the mean node degree loss due to unreliability is
with ξ = (3α − 4)/2α. Γ and Γ inc are, respectively, the wellknown complete and incomplete gamma functions given by (A.8) and (A.9) in the appendix. Figure 3 for k = 1. L α,k (ε d ) tends toward 0 (perfect transmission) and 0.5 (random reception) for short and long ranges, respectively. What is surprising at first glance is the divergence of μ b (ε d ) when ε d → 0. This happens simply because the error transmission tends to 0.5 (and not 0). Thus, at long range, half of the nodes receive the right single bit. Let us now switch to the more meaningful case of N b bits frames.
Frame-based first-order approximation
The frame-based mean node degree for N b bits frames is denoted by μ n . Plugging the exact success probability (23) into (32) provides
This result is illustrated for various parameters in Figure 4 , thanks to numerical computations. As explained in Each curve can be divided into three sections as illustrated in (b). Reading the chart from right to left, we have (i) the near section (high SNR threshold, low range), where the connectivity gets higher the less power threshold is used because the more range is achieved; (ii) the middle section where the curves reach a plateau. At this distance, the probability of having a new neighbor is negligible. Keeping N b fixed, the plateau is reached whatever α is, approximately at the same SNR threshold, but stretches to a lower value for higher α; (iii) the far section (low SNR threshold, high range) for which the mean node degree diverges, having ε d → 0. At such a distance, the successful transmission probability decreases more slowly than the number of nodes grows. Basically, for a useful packet size (Nb > 20), the divergence region still mathematically exists but moves towards very low SNR values. Figure 4 (b), the mean node degree curves can be divided into the following three sections.
(i) Near section: for high SNR thresholds, the lower the power detection, the higher the mean node degree. The success probability is high and increasing the range (by decreasing the power detection level) provides an increased mean node degree. (ii) Constant section: for intermediate threshold values, the mean node degree is constant. The reception probability for a node at this distance is very low. The nodes number in a ring at such a distance does not increase fast enough to compensate for the reliability leakage. (iii) Far section: below a given threshold value, the reception probability tends to a constant value lim γ→0 P s (tr| γ) = 2 −Nb , which corresponds to purely random reception. Since the number of neighbors tends to infinity, so is the number of successful transmissions.
The far zone is basically out of interest because transmissions are unforeseeable and a very low detection level would be required. These long hops are consequently poorly efficient from energy and resource sharing points of view. The near section is more interesting where the connectivity is improved by decreasing the detection level. The junction point between near and constant sections is proved to be a good tradeoff because it corresponds to the minimal neighborhood spreading achieving the plateau's value.
Let us further assume that the plateau is reached at a BER low enough to permit the use of (34) into (32) . This provides an asymptotic lower bound for the mean node degree, denoted by μ n (ε d ) and given by
Using the definition (A.10) of M α,k (ε d ) and the bit-based mean node degree (38) provides
which can be simplified as
This approximation is assessed in Figure 5 The success probability provided in the upper frame shows that unreliable links (e.g., P s (tr|γ) < 98%) represent about 30% of the whole connectivity. The needed tradeoff between reliability and connectivity is clearly illustrated. (43) is close to the optimal connectivity, having a limit success probability equal to P rel = 38%. On the opposite, reliable links can be obtained at the price of a reduced connectivity. The mean node degree downshifts to 0.12. The simulation setup corresponds to a BPSK (k = 1), a free-space attenuation slope coefficient (α = 2), and 1000-bit length frames.
Optimal power detection level
We now propose to find an analytic expression of the power detection threshold which performs a good tradeoff between reliability and connectivity.
The proposed lower bound (43) exhibits a maximal value located just beneath the plateau (see Figure 5) . Because the plateau's value cannot be easily handled, this maximal value can be used to approximate the optimal SNR and the corresponding mean node degree by setting the first derivative of (43) to 0:
The derived of μ b (ε d ) is obviously obtained from M α,k (ε d ) and yields the following exact solution:
where erfc −1 (x) is the inverse of erfc(x). For the example illustrated in Figure 5 , one found μ n ( ε d ) = 0.18.
An important result is that setting the power detection level to ε d optimizes the connectivity only when unreliable links are supported. The minimal success rate corresponding to longer hops downshifts to P s (tr| ε d ). It is further important to note that ε d does not rely on the path-loss coefficient α which means that the power detection level does not depend on the environment attenuation slope coefficient.
The optimal power detection level ε d from (45) is plotted in Figure 6 as a function of N b . The corresponding mean node degree and range are also provided. In this figure d εd /d 1 and μ n (ε d )/n 1 seem to be higher for a higher α. Basically, it is accounted for by the normalized density n 1 used instead of ρ. n 1 indeed relies on d 1 , which in turn depends on path-loss properties.
In this section, we derived a close relationship between power detection level and radio link reliability. The connectivity increase due to the use of unreliable long hops is quantified. An analytic expression providing an optimal threshold value is proposed and proven independent of the environment attenuation slope coefficient. This provides the MAC layer with a manner to drive jointly link reliability and node degree depending on requests from the routing layer.
Nakagami-m block-fading channels
Radio link
This section now aims at extending the previous results to the case of block-fading channels described in Section 3.2. We propose the use of the Nakagami-m distributions [31, 32] which are often used for modeling fading in various conditions from AWGN (m → ∞) to Rayleigh (m = 1). The SNR's pdf is given by
where Γ(m) is the gamma function (see (A.8) in the appendix), and m drives the strength of the diffuse component.
Frame-based approximation
The success probability is given by (25) . The mean node degree in block fading, namely μ f , is derived from (32) as follows:
Note that both thresholds ε d and γ r defined in Section 3.3 now differ from each other. This double integral evaluated when γ r → 0, as detailed in the appendix leads to μ f (γ r → 0, ε d ) is referred to as the asymptotic mean node degree in the following and corresponds to the optimistic case when the WSN can exploit all neighbors whatever their reliability is. The result provided in (48) has a significant meaning: the mean node degree experienced in a fading environment is very close to the one experienced in AWGN (with a same attenuation slope). Identifying (40) into (48) leads to
where μ n (ε d ) is the mean node degree in AWGN channel and C loss (m, α) is a connectivity loss coefficient illustrated in Figure 7 and extracted from (47) as
It is interesting to note that this coefficient relies neither on k, nor on N b . The asymptotic mean node degree is now approximated by putting (43) into (49), leading to
A first noticeable result found for α = 2 (perfect free-space model) is that the mean node degree proves independent on fading strength (C loss (m, 2) = 1; for all m). It reveals that new random far links exactly compensate for link loss in the near range. For higher values of α, a weak negative imbalance of about 10% is achieved in a Rayleigh channel (m = 1), which is the more severe channel arising in indoor-like environments.
A second important result is that the proposed power detection level ε d obtained in (45) for AWGN is further efficient for any fading environment (for all m) and any propagation model (for all α; 2 ≤ α < 4). Therefore ε d makes the mean node degree close to optimal according to However, both results do not mean that fading has no effect on connectivity. The mean node degree is plotted in Figure 8 (a) as a function of d r , the distance at which the mean power is equal to the reliability threshold γ r . Plain and dashed plots hold for the exact mean node degree from (47) computed numerically having, respectively, ε d = ; ε d and ε d = ε d from (45). The weak connectivity loss is due to the power detection threshold. These curves are provided for 4 pairs (α, m). For α = 2, the same asymptotic value is reached for any m value, but further away in Rayleigh conditions. It means that the neighborhood stretches with increasing fading, making the links less reliable. Figure 8 (b) shows the same curves as a function of the reliable probability limit P rel . The connectivity leakage owing to a stringent P rel is seen, especially for strong fading. With α = 2, the maximal connectivity is equal to 0.19, whatever m. A constraint of P rel = 0.9 is fulfilled having a mean node degree going down to 0.11 and 0.02 for m = 10 and m = 1, respectively. The capability of managing unreliable links is thus a very important feature for WSNs roll out in strong fading environments.
In this section, the asymptotic mean node degree was firstly expressed as a function of the mean node degree in AWGN weighted by a loss factor. The weakness of the loss factor was observed. A lower bound of the asymptotic mean node degree was also provided. Secondly, the optimal power detection threshold ε d analytically derived in previous section for AWGN was found still valid whatever the fading strength is. Lastly, the effect of fading on reliability has been assessed.
The leading conclusion is that unreliable links may contribute significantly to improve the connectivity of a WSN.
SIMULATION RESULTS
The theoretical analysis of the previous section is now validated by extensive simulation. Section 5.1 describes the simulation setup. In Section 5.2, the mean node degree study is compared to simulations. Then, in Section 5.3 the tightness of the connectivity bound provided by (5) in Section 2 is evaluated.
Simulation setup
Mean node degree and connectivity were evaluated in a disk area A with surface S A . The complete roll-out simulation area Ω is a larger disk including A. The node degree of all nodes in A is evaluated, taking into account all the nodes in Ω in order to avoid boundary problems and to simulate A as a subpart of an infinite network [21] . From a practical point of view, we found it reliable enough to choose Ω as a disk having radius (R Ω = 2 · R A ).
In the simulations, the average number of nodes in A is kept constant. We have the normalized node density n 1 vary by varying the transmission power. Note that the radius of the unitary received power area (d 1 ) changes accordingly. This choice is equivalent to modifying the node density, but with our approach, we keep the mean number of simulated nodes constant. When not specified, the simulations results presented below were obtained with default parameters set to k = 1 (BPSK modulation), a path-loss coefficient α = 2 (free-space conditions), and a frame size of 1000 bits. The mean number of nodes in A equals 50. For each transmission power level, 100 random sets of nodes were generated. For each set, the pairwise connection matrix was computed 20 times, independently. The number of nodes is Poisson distributed, and they are randomly and uniformly distributed over the whole space.
Mean node degree
The mean node degree is firstly investigated. Figure 9 shows the relative mean node degree μ n /n 1 as given by (49). Average simulation results are provided for Nakagami-m channels using different coefficient attenuation α. The relationship is found linear as expected from the previous section. For α = 2 the mean node degree is not dependent on m which fits the theoretical results. This group of curves further emphasizes the weak dependency to fading of the mean node degree. As stated above, this result will be experienced by a WSN, only if it is able to deal with opportunistic transmissions. For α = 3 and α = 3.5 the mean node degree's loss corresponds to the C loss coefficient computed above. In order to verify the theoretical result of (47), the simulations corresponding are carried out. Figures 10(a) and 10(b) are the simulation results for α = 2 and α = 3.5, respectively, in various channel conditions AWGN, Rayleigh and Nakagami-m. These results concord with theoretical results shown in previous section. These curves confirm that in Rayleigh channels, comparing with AWGN, the long hops have an important role to compensate the loss of short hops. To check the impact of the power detection level ε d on the mean node degree, the simulations are performed for three power detection threshold values: Figure 11 displays that the mean node degree reduces of 5%; however, when ε d = 2 ε d , the mean node degree goes down of 48%. ε d , according to (45) proves to be close to the optimal power detection threshold. These results simultaneously show how increasing the detection threshold deletes long hops.
Connectivity probability
Albeit the mean node degree is constant, the graph associated with a WSN is very sensitive to the fading strength. First of all, Figure 8 (a) has shown that the connected neighborhood of a node spreads out with fading: the mean length of hops increases. Figure 12 illustrates the random graphs for AWGN and Rayleigh conditions. In the second case, some long hops are seen and the structure appears less homogeneous.
Note that in this figure, the inner circle represents the area of interest A and contains all the nodes for which the connectivity is evaluated. The outer nodes contained in the second circle are used only as relay for connecting inner nodes. This illustrates how the boundary problem is overcome in this approach. Figure 13 represents the mean connectivity experienced in our simulations. As found in previous section, the nonisolated node probability relying on the mean node degree is not affected by fading whatever m. Basically, the nonisolated node probability acts as an upper bound for the connectivity: a network cannot be connected if just one node is isolated. This figure also shows that the bound gets tighter the more the fading strength is.
Fading indeed changes the graph from a pure geometric graph to a random graph. The mean number of links is constant whatever m is, but fading favors longer links which are more efficient to maintaining the network connectivity. The conclusions are twofold: (i) the mean path-loss function is sufficient to predicting the mean node degree and thus the nonisolated node probability, (ii) second-order variations of the received power due to fading do not change the mean node degree and allow to improve the connectivity.
CONCLUSIONS
This work is based on the framework proposed by Bettstetter et al., as described in Section 2. The main novelty rests on the relaxation of the switched-link model. For this purpose, an instantaneous node degree was defined. Its expectation leads to a mean node degree definition representing the mean number of simultaneous successful receptions of a packet. The main difference with the classical definition is taking into account random transmission losses. Furthermore, several parameters were introduced in the model such as fading strength, modulation kind or frame size. Moreover, two threshold parameters managed by the MAC or the routing layers were also introduced. The first was the power detection level, the second was the link reliability threshold.
In Section 3, we first defined a normalized node density n 1 as the number of nodes included in a disk of radius d 1 such as γ(d 1 ) = 1. This convenient definition provided the mean node degree proportional to one scaling parameter only, n 1 , bringing together the noise level, the mean pathloss, the transmission power, and the node density. Then, the AWGN case was deeply studied in Section 4.2. A lower bound of the mean node degree was found as a function of the power detection level. An analytic expression was further proposed for a weakly suboptimal power detection level. The corresponding link reliability was also evaluated and analyzed. These results were finally broadened for block-fading channels in Section 4.3 and the tradeoff between connectivity and link reliability was widely studied. The theoretical results were validated by simulation in Section 5.
An important result was found stating that the suboptimal power detection level was valid whatever were the fading strength and the path-loss attenuation slope coefficient. Thus, the proposed power detection level does not rely on environment properties. We also observed that fading weakly reduces the mean node degree but spreads the neighbors over a wider area, making the links less reliable.
Simulations have exhibited fading has a positive effect on connectivity. Indeed, for a same mean node degree value, connectivity in fading channels is closer to the no-nodeisolation probability.
This work clearly advocates for long hops routing as discussed in [34] and more likely for opportunistic routing. From all these results, developing protocols able to exploit unreliable links appear indeed challenging. This is an important issue for WSN, because improving the connectivity allows the number of active nodes to be smaller, thus increasing the life time. Basically, increasing the connectivity by using an opportunistic transmission over several paths is nothing else than a distributed extension of the well-known diversity principle usually used in mobile communications to enhance individual radio links. Connectivity and nonisolation-node probabilities n 1 Figure 13 : Connectivity under block fading, AWGN (m > 10) and Rayleigh (m = 1) conditions. The connectivity and the nonisolated node probabilities have been assessed by simulation. The theoretical nonisolated node probability according to (3) for the approximated mean node degree given in (49) is also provided.
